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I, Shuyuan Zhang, do declare that: 

1. I am a citizen of China residing in the United States at 6015 Briar Hills, Sugarland, 
Texas, 77479. I am an employee of Introgen Therapeutics, Inc. ("Introgen**). 

2. I have been employed by Introgen for 6 years and currently hold the position of Associate 
Director of Production and Process Development at Introgen Therapeutics in Houston, 
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Texas. I have a Ph.D. in Biochemical Engineering from University of Surrey, England. I 
have done extensive research and development in the production and purification of 
retroviral, adenoviral and AAV and non-viral vectors for gene therapy applications. My 
curriculum vitae is attached as Exhibit 1. 

3. I am familiar with the level of skill of scientists working in the field of gene therapy as of 
the October 1 992 priority date of the referenced application. 

I understand that a publication by Leu et al., U.S. Patent 6,194,210, has been cited by the 
Examiner. I am told that this reference is used by the Examiner to dispute the 
patentability of claims 1-3, 8-25 and 29 as obvious. For the reasons set forth below, it is 
my opinion that Leu et al. would not by itself or in combination with other references 
render the present invention obvious. I am told that the Leu et al. disclosure is directed 
exclusively to Hepatitis A virus, a RNA virus and includes no mention whatsoever of 
adenovirus, a DNA virus that is entirely distinct from the foregoing. Furthermore, I am 
told that the working examples of Leu et al are directed exclusively to Hepatitis A virus. 
In light of the facts set forth below, it is evident that one skilled in the art would not look 
to Leu et al. to solve problems relating to propagation of an adenovirus culture in that 
adenovirus is totally unrelated to Hepatitis A virus and each has numerous distinct 
properties. 

Adenoviruses contain double-stranded DNA approximately 36 kb in length. They are 
covered by a capsid 70-100 nm in diameter. This differs from Hepatitis A viruses in that 
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Hepatitis A viruses contain positive single-stranded RNA of approximately 7.2-8.4 kb in 
length. Hepatitis A viruses are comprised of a small, 27-32 nm, protein capsid. The 
capsid is composed of 60 protein subunits, each consisting of four polypeptides VP1- 
VP4. The RNA strand is covalently bonded to a noncaspid viral protein (VPg) at its 5* 
end and to a polyadenylated tail at its 3 1 end. 

6. Mature adenovirus capsid is composed of 252 protein subunits of which 240 are hexons 
and 12 are pentons. A fiber protein projects from the base of the pentons. The 
adenovirus core is composed of the linear double stranded DNA and four virus coded 
core proteins that specifically bind to the DNA. Adenoviruses encode a DNA 
polymerase but depend on the host cells for many of the other functions involved in 
synthesis of DNA. DNA replication is complex and distinct from that of other viruses; it 
involves covalently bound proteins at the ends of the DNA and circularization. 
Transcription is also complex, involving early and late genes distributed randomly along 
both strands of the DNA. Replication and assembly occur in the nucleus. After 
adenoviral replication, the adenovirus is assembled inside the host cell's nucleus resulting 
in the optimal stability for this virus being at a pH between 7.0-8.5. Hepatitis A viruses 
on the other hand, are heat- and acid-stable, and relatively detergent resistant. Stability of 
Hepatitis A viruses is best achieved at a pH of 3.0 or lower. These features of Hepatitis 
A virus are not shared by adenovirus, and would strongly suggest that purification 
methods useful for Hepatitis A viruses would not necessarily be relevant to adenovirus. 
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7. In contrast to adenoviruses, Hepatitis A. viruses undergo replication and assembly in the 
cytoplasm. Their RNA acts as a messenger to synthesize viral macromolecules. Viral 
RNA replicates in complexes associated with cytoplasmic membranes via two distinct, 
partially double-stranded RNAs - the "replicative intermediates." One complex uses the 
sense RNA strand, and the other uses the antisense RNA strand as a template. RNA 
replication involves the synthesis of a complementary RNA which serves as a template 
for genome RNA synthesis. Genome RNA also serves as mRNA, being translated into a 
polyprotein that is cleaved into all the viral proteins including those proteins that serve as 
enzymes for specific cleavage. 

8. Another difference between adenoviruses and Hepatitis A viruses is that the negative 
DNA strand of the double- stranded DNA of adenoviruses is directly transcribed into viral 
mRNA, whereas the positive single-stranded RNA of Hepatitis A viruses is copied into 
negative RNA that is transcribed into viral mRNA. 

9. Adenoviruses and Hepatitis A viruses are further distinct in their routes and manner of 
infection of a cell. Infection of Hepatitis A virus occurs at a specific time in growth from 
that of adenovirus. Hepatitis A virus infection is nonlytic and usually persists 
indefinitely. The initial stage of infectivity of Hepatitis A virus occurs during the lag 
period due to residual inoculum virus which fails to be uncoated. During this stage, viral 
RNA is released and synthesis of protein and RNA occurs. This is followed by an 
exponential period at which the concentration of infectivity doubles and leads to a plateau 
period. Upon infection RNA synthesis decreases in the host cell and subsequently 
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synthesis of viral RNA in the cytoplasm occurs. Thus, while inhibiting cellular RNA 
synthesis in the nucleus, viral RNA synthesis in the cytoplasm occurs. This is followed 
by the inhibition of cellular protein synthesis and rapid synthesis of viral proteins. 
Following a decrease of viral protein synthesis, leakage of intracellular components 
occurs leading to cell death. 

10. Adenovirus infection is lytic and occurs at high multiplicities. The adenovirus replicative 
cycle is divided into early and late phases with the late phase beginning at the onset of 
viral DNA replication. Host cell DNA and protein synthesis are inhibited in cells 
infected with most adenoviruses as viral DNA synthesis begins. Infection involves the 
fiber of the virus attaching to a specific receptor on the cell membrane. A decrease in pH 
alters the surface of the virion resulting in rupture of the endocytic vesicle which releases 
the virion into the cytoplasm. Adenoviruses, specifically human adenoviruses, remain 
cell-associated after the production of the new virus is completed. This virus-to-cell 
association makes it possible for concentration of large quantities of viruses. 

11. It is known in the art that both Herpesvirus and Paramyxovirus consist of an envelope 
with surface projections whereas adenovirus does not have an envelope. Thus, these 
viruses as compared to adenovirus require an isotonic osmolality in order to achieve 
stability and prevent damage to their envelope membrane, whereas adenoviral stability 
may be achieved at relatively hypertonic osmolality, as it has no envelope. The 
replication cycle of Herpesvirus and Paramyxovirus is also distinct from that of 
adenovirus and involves proteins of the respective envelopes. Following entry into the 
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host cell these viruses require specific enzymes, thymidine kinase and RNA-dependent 
RNA polymerase respectively, for transcription. Therefore, the viruses used and 
mentioned in Leu et al have structural and biological properties distinct from that of 
adenovirus, and in addition each has a specific time of infectivity from that of adenovirus. 

12. The preceding descriptions and comparisons of adenovirus to Hepatitis A viruses, 
Herpesviruses and Paramyxoviruses provide substantial evidence that, due to the 
numerous dissimilarities, a teaching relating to one viral type would not necessarily be 
applicable to the other. Thus, there is no a priori expectation that propagation of Hepatitis 
A viruses or Herpesviruses or Paramyxoviruses would provide appropriate means for 
adenovirus preparations. In light of these facts, it is my conclusion that the Leu et al 
patent does not render the above invention obvious. 

13. Further, I understand that a publication by Perrin et a/., has been cited by the Examiner. I 
am told that this reference is used by the Examiner to dispute the patentability of claim 4 
as obvious. For the reasons set forth below, it is my opinion that Perrin et al would not 
by itself or in combination with other references render the present invention obvious. I 
am told that the Perrin et al disclosure is directed exclusively to rabies virus, a RNA 
virus and includes no mention whatsoever of adenovirus, a DNA virus that is entirely 
distinct from the foregoing. Furthermore, I am told that the working examples of Perrin 
et al are directed exclusively to rabies virus. In light of the facts set forth below, it is 
evident that one skilled in the art would not look to Perrin et al to solve problems 

25382003J_.doc 6 



relating to propagation of an adenovirus culture in that adenovirus is totally unrelated to 
rabies virus and each has numerous distinct properties. 

14. Rabies virus and adenovirus are each quite distinct in their structure and biological 
properties. The rabies virus is an enveloped "budding" RNA-based rhabdovirus whereas 
adenovirus is a DNA capsid based non-enveloped virus of an entirely different viral 
family - these viruses infect and grow differently and replicate differently. Thus, there is 
no a priori expectation that propagation of rabies viruses would provide appropriate 
means for adenovirus preparations. In light of these facts, it is my conclusion that the 
Perrin et aL journal article does not render the above invention obvious. 

15. There are a number of scientific publications that support the foregoing conclusion. I 
would direct the examiner to "Fields Virology" (B. N. Fields, Editor, Vol. 2, 3 rd Ed., 
Lippincott Raven Publishers, 1996; Vol. 1, 4 th Ed., Lippincott Williams Wiikins 
Publishers, 2001), and "The Adenoviruses" (H. S. Ginsberg, Editor, Plenum Press, 1984). 
I have attached relevant excerpts from these texts as Exhibit 2 to this declaration. 

16. I hereby declare that all statements made herein of my knowledge are true, and that all 
statements made on information and belief are believed to be true, and further that these 
statements were made with the knowledge that willful false statements and the like so 
made are punishable by fine or imprisonment or both, under Section 1001 of Title 18 of 
the United States Code, and that such willful false statements may jeopardize the validity 
of the referenced patent application or any patent issued thereon. 
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CURRICULUM VITA 



Shuyuan Zhang, PhD 

Working address 

Introgen Therapuetics, Inc. 
2250 Holcombe Blvd 
Houston, TX77030 
Tel 713-6104091, Fax 713-797-9913 
E-mail: s.zhang@introgen.com 

Home address 

6015 Briar Hill Court 
Sugarland, TX 77479 
Tel 281-980-9304 



EDUCATION 

University of Surrey, UK, 1990-1993 

PhD in Animal Cell Technology, February 1993 

Thesis: Bubble Oxygenation of Both Low and High Density Animal Cell Cultures 
for Monoclonal Antibody Production 

East China University of Science and Technology, Shanghai, China, 1984-1987 

M.Sc. in Biochemical Engineering, February 1987 
Thesis: Mixing in Filamentous Fermentation Process 

Tianjin University, Tianjin, China, 1980-1984 
B.Sc. in Biochemistry, September 1984 
WORK EXPERIENCE 

Associate Director, Production and Process Development, January, 2002- present 
Introgen Therapuetics, Inc. Houston, TX 

Directing Process Development activities for next generation adenoviral vector 
production process 

Directing overall Process Validation efforts for CMC filing 
BLA filing activities 

Associate Director, Process Development, June 1990-January, 2002 



Targeted Genetics Corp, Sharon Hill, PA 

Directing the Process Development Department activities for both adenoviral and 
adeno-associated viral vector product process development and production. 

Process Development involves cell culture, scale up to large bioreactors, 
downstream processing, tangential flow filtration for concentration and 
diafiltration, and chromatographic purification development and use of variety of 
analytical characterization methods. Production of the viral vectors using the 
developed processes under GLP and GMP conditions. 

In charge of technology transfer and implementation in a Contract Manufacturing 
Organization for clinical production of viral vectors under GMP regulation 

Manager, Process Development, October 1995-June 1999 
Introgen Therapeutics, Inc., Houston, TX 

Managed process development for upstream cell culture, downstream processing 
and chromatographic purification/characterization and formulation activities for 
retroviral and adenoviral vector products. Production of the vectors using 
developed processes 

Actively involved in the collaboration with a large pharmaceutical company on 
adenoviral vector product development under GMP regulations 

Key personnel in making production, purification and formulation process 
decisions 

Actively participated in GMP production of adenoviral vector 

Research Scientist, Process Scale Up, February 1993- October 1995 
Genetic Therapy, Inc, Gaithersburg, MD 

Responsible for process development, scale up and production of retroviral 
vectors from a variety of producer cells 

Successfully developed large-scale retroviral vector production and purification 
process for clinical applications. The development resulted in the issuance of two 
US patent. 

Large-scale production of clinical grade retroviral vectors 

Research Associate, February 1987- January 1990 

East China University of Science and Technology, Shanghai, China 



PROCESS DEVELOPMENT AND MANUFACTURING EXPERIENCE 



1. Successful development of a production process for retroviral vector production 
including upstream bioreactor design, downstream tangential flow filtration 
concentration and chromatographic purification and lyophilization. 

2. Successful development of a microcarrier culture based production process for 
large-scale adenoviral vector production 

3 . Development of a chromatographic purification and TFF concentration process 
for adenoviral vectors 

4. Development of a chromatographic purification and TFF concentration process 
for retroviral vectors 

5 . Development of serum-free, single cell suspension production process for 
adenoviral vectors 

6. Actively involved in process harmonization activities with a major 
pharmaceutical company for adenoviral vector production 

7. Successful development of a production and chromatographic purification process 
for adeno-associated viral vectors. 

8. Involved in the development of novel liposome based non- viral gene delivery 
formulations 

9. Have extensive experience and knowledge in process development and 
chromatography purification for the most commonly used gene delivery vehicles 
including: retroviral, adenoviral, adeno-associated viral and non-viral vectors 

10. Manufacturing of retroviral, adenoviral and adeno-associated viral vectors in 
different organizations under GMP regulations. 

TECHNOLOGY TRANSFER EXPERIENCE 

Successfully managed the transfer of large-scale retroviral, adenoviral and 
adenoviral associated viral vector production and column purification process 
from Process Development Group to cGMP manufacturing for clinical production 

Cost analysis of production and purification process and impact on marketable 
products 

PROCESS VALIDATION 

Successfully validated large-scale adenoviral vector production and column 
purification process in a cGMP environment 

Work closely with QC and QA for process validation and transfer to GMP 
production 

Design and implement process validation plans for CMC filing 



cGMP EXPERIENCE 

Actively involved in the preparation of CMC document for FDA submission for 
later stage clinical trials 

Have good understanding of cGMP regulations and implementation. 

Participated in the design of GMP facility and maintenance 

Preparation and review of SOP and batch records 

Manufacturing of clinical grade viral products for gene therapy in a GMP 
compliant environment 

RESEARCH AND DEVELOPMENT INTEREST AREA 

Cell culture and downstream processing and column purification for large-scale 
retroviral vector production for gene therapy 

Cell culture and downstream process and column purification for large-scale 
adeno-associated viral vector production for gene therapy 

Bioreactor for large-scale cell culture for AAV production from cell lines 
in serum-free media 

Unit operation for downstream processing, tangential flow filtration 

Chromatographic purification process for AAV 

Cell culture and downstream process and column purification for large-scale 
adenoviral vector production for gene therapy 

Large-scale bioreactor cell culture process, stirred tank for serum-free 
suspension culture and Cellcube system for attached cells 

Chromatographic purification process for adenoviral vectors 

Formulation for viral vectors for gene therapy 

Development of lyophilization formulation and technology that can be 
used for lyophilization of viral vectors for gene therapy 

Development of stable, liquid formulation for adenoviral and AAV vectors 



Non-viral gene delivery system 



Development of stable liposome based gene delivery formulations 
Efficient gene delivery observed in animal studies 

High cell density bioreactor system 

Design of high cell density bioreactor system for viral vector production 

Process optimization and cell metabolism in high cell density animal cell 
cultures 

Optimization of high-density animal cell culture systems with a focus on 
oxygenation and nutrient metabolism 

AFFILIATIONS 

European Society of Animal Cell Technology (ESACT) 
AAAS 

American Chemical Society 
American Institute of Chemical Engineers 
The American Society of Gene Therapy 
PDA 

PATENT 

1. Bioreactor for retroviral vector production, US 5,563,068 

2. Purification of retroviral vector, US 5,661,022 

3. Method for the purification and production of adenoviral vectors, US 6,194,191 

4. Formulation of adenoviral vectors for gene therapy, US patent applied, 
60/108,606 

5. Novel chromatographic purification process for AAV vectors, US patent applied 
PUBLICATIONS 

1 . Zhang, S. Xu, D. (1989) Preparation of microcarriers for culturing animal cells. J. 
East China University of Chem. Technol. 1 5(1) 1-4 

2. Zhang, S. and Ding, J. (1989) Rheological properties of filamentous mycelia 
fermentation broths. J East China University of Chem. Technol. 15(4) 470-477 

3. Zhang, S. and Ding, J. (1989) Rheological properties of pellet mycelia 
fermentation broths. J. East China University of Chem. Technol. 15(4) 478-484 

4. Handa-Corrigan, A., Zhang, S. and Brydges, R. (1992) Surface-active agents in 
animal cell culture. Animal Cell Technology. Vol5, 279-301 (eds. R E. Spier and • 
J.B. Griffiths). Academic Press, London 

5. Handa-Corrigan, A. Chadd, M, Garcia de Castro, A. Zhang, S. (1992) A defined 
serum-free medium for diverse cell culture applications. Animal Cell Technology. 



1. 
2. 
3. 
4. 
5. 
6. 



155-1 57 (eds. R.E. Spier, J.B. Griffiths and C. MacDonald), Butterworth- 
Heinemann, Oxford. 

6. Handa-Corrigan, A., Kwasowski, P., Zhu, J., and Zhang, S. (1992) Pluronic 
adsorption effects in cell culture media. Animal Cell Technology. 117-121 (eds. 
R.E. Spier, J.B. Griffiths and C. MacDonald), Butterworth-Heinemann, Oxford. 

7. Zhang, S., Handa-Corrigan, A., and Spier, R.E. (1992) Oxygen transfer properties 
of bubbles in animal cell culture media. Biotechnol. Bioeng. 40, 252-259 

8. Zhang, S., Handa-Corrigan, A., and Spier, R.E. (1992) Foaming and media 
surfactant effects on the cultivation of animal cells in stirred and sparged 
bioreactors. J. Biotechnol. 25, 289-306 

9. Zhang, S., Handa-Corrigan, A., and Spier, R.E. (1993) A comparison of 
oxygenation methods for high-density perfusion cultures of animal cells. 
Biotechnol. Bioeng. 41 , 685-692 

10. Zhang, S., Handa-Corrigan, A., and Spier, R.E. (1992) Kinetics of cell 
metabolism and antibody production in high-density perfusion cultures. Published 
in the proceedings of J AACT'92 

11. Handa-Corrigan, A., Nikolay, S., and Zhang, S., (1994) Rationalization of the 
design of high-density perfusion cultures for suspended animal cells. Animal Cell 
Technology 1230-1236 (eds. R.E. Spier, J.B. Griffiths and C. MacDonaid), 
Butterworth-Heinemann, Oxford. 

12. H. Kotani, P. Newton, S. Zhang, Y. Chiang, G, McGanity (1994) Improved 
methods for retroviral vector transduction and production for. gene therapy. 
Human Gene Therapy 5, 1 9-28 

CONFERENCE PRESENTATIONS 

1 . Oxygen transfer properties of bubbles in animal cell culture media. Zhang, S., 
Handa-Corrigan, A., and Spier, R.E. 4 th Chemical Congress of North America, 
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2. Continuous large-scale production of retroviral vectors in a novel packed-bed air- 
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Williamsburg BioProcessing Conference, Nov. 8-10 1994 

3. Production and downstream processing of retroviral vectors. G. McGarrity, H. 
Kotani, and S. Zhang. 2 nd meeting of European Society of Human Genetics,,, 
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4. Production of high titer retroviral vectors. Zhang, S., McGarrity, G., Newton, P., 
and Kotani, H. Keystone Symposia on Molecular and Cellular Biology, 
Steamboat Springs, CO, March 1995 

5. An HPLC method for evaluation of the production and purification of a type 5 
recombinant adenoviral vector encoding human p53. Z. Wu, D. Wilson, and S. 
Zhang. The Williamsburg BioProcessing Conference, Nov. 8-10, 1996 

6. Production of adenoviral vectors in attached and suspension cultures. T. Cho, S. 
Gallagher, and S. Zhang. The Williamsburg BioProcessing Conference, Nov. 3-6, 
1998 



7. Development of a lyophilization process for long-term storage of adenoviral 
vectors. Z. Wu, S. Gallagher, D. Wilson, and S. Zhang. The Williamsburg 
BioProcessing Conference, Nov. 16-19, 1998 

8. Process development and production of r AAV vectors for gene therapy 
applications using a novel infection method. S. Zhang. EBC International 
Symposium, Arlington VA, 1999 

9. An Ad/AAV-hybrid production system for scalable and efficient AAV vector 
manufacture. S. Zhang, R. Peluso, S. Godwin, J. Richardson, and V. Himes. The 
Williamsburg BioProcessing Conference, Nov. 6-9, 2000 

10. Production of adenoviral vectors for gene therapy in serum free suspension 
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CHAPTER 67 

Adenoviridae: The Viruses and Their Replication 



Thomas Shenk 



Classification, 2112 
Virion Structure, 2113 . 

Virion ?olypcp«U«> and DNA, 21 53 
Capsid and Core Three-Dimensional Structure, 2114 
Genome Organization, 2115 
Genetic System and Recombination, 21 17 
ReplicativeCycie f 2118 
Adsorption and Entry, 2118 
Activation of Early Viral Genes. 2120 
Activation of the Host Cell, 2123 
Inhibition of Apoptosis. 2126 
Viral DNA Replication, 2127 



Activation of Late Viral Gene Expression and Host 
Cell Shutoff,2l29 

Virus Assembly and Release from the Cell. 2 1 3 1 
Interactions with the Host, 2132 

Viral Antagonists of a and p Interferons, 2132 

Virol Antagonist* of CTLs ondTNF-a, 2133 
Oncogenesis, 2135 

Transformation, 2135 

Tumorigenesis,2136 

Oncogenesis in Rodents But Not Humans, 2137 
Perspectives, 2137 
References, 2137 



Adenoviruses were first isolated and characterized as 
distinct viral agents by two groups of investigators who 
were searching for the etiologic agents of acute respirato- 
ry infcctfoio. In 1953, Row and colleagues (389) observed 
the spontaneous degeneration of primary cell cultures de- 
rived from human adenoids. The pathogenic changes proved 
to result from the replication of previously unidentified 
viruses present in the adenoid tissues. In 1954, Hilleman 
and Werner (2 12) were studying an epidemic of respirato- 
ry disease in army recruits, and they isolated agents from 
respiratory secretions that induced cytopathic changes in 
cultures of human cells. The viruses discovered by the two 
groups were soon shown to be related (233), and they were 
initially called adenoid degeneration (AD), respiratory i//- 
ness (RI), odenoidal-pharyngeal-conjunctival (APC) or 
acute respiratory disease (ARB) agents. In 1956, the agents 
were named adenoviruses, after the original source of rJs» 
sue (adenoid) in which the prototype viral strain was dis- 
covered (116). Epidemiologic studies confirmed that ade- 
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noviruscs were the cause of a large number of acute febrile 
respiratory syndromes among military recruits (1 ,105,151). 
It soon became clear, however, that adenoviruses were not 
the etiologic agents of the common cold; they are respon- 
sible for only a small portion of acute respiratory morbid- 
ity in the general population and Bbout 5% to 10% of res- 
piratory illness in children. Besides respiratory disease, 
adenoviruses cause epidemic conjunctivitis (242), and they 
have been associated with a variety of additional clinica! 
syndromes— perhaps most notably, infantile gastroenteri- 
tis (136.510). 

During the first years after their discovery, many virus- 
es belonging to the same general group were isolated from 
humans, and agents with similar properties were obtained 
from a variety of animal species, including monkeys (234) 
and mice (1 89). Today well over 1 00 members of the ade- 
novirus group have been identified which infect a wide 
range of mammalian and avian hosts. Alt of these viruses 
contain a linear, double-stranded DNA genome encapsi- 
dated in on ieoDahedrnl protein shell measuring 70 to 100 
nm in diameter. 

In 1962. Trentin and his colleagues (456) made a sem- 
inal discovery, showing that human adenovirus type 12 in- 
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duccd mtvlignDnt tumors following inoculation into new- 
bora hamsters. This was the first lime that a human virus 
was shown to sponsor oncogenesis. So far, no epidemio- 
logical evidence has been reported linking adenoviruses 
with malignant disease in the human; although there is 
one report of adenovirus-reiated RNA in neurogenic ru- 
mors (235), extensive searches have generally failed to 
find adenovirus nucleic acids in human tumors (170,295). 
Nevertheless, the ability to induce tumors in animals and 
to transform cultured cells has established adenovirus as 
an Important model system for probing the mysteries of 
oncogenesis. 

As the interest in adenoviruses as tumor viruses inten- 
sified their virtues as an experimental system became ev- 
ident. The prototype human adenoviruses are easily prop- 
agated to produce high titer stocks, and they initiate highly 
synchronous infections of established cell lines. Further, 
the viral genome is readily manipulated, facilitating the 
study of adenovirus gene functions by mutational analy- 
sis Studies of adenovirus-infected cells have made nu- 
merous contributions to our understanding of viral and cel- 
lular gene expression and regulation, DNA replication, cell 
cycle control, and cellular growth regulation. 

Perhaps the signal contribution to modern biology of the 
adenovirus system has been to host the discovery of mRNA 
splicing. Studies on the biogenesis of viral mRNA first 
demonstrated that many mRNA* were produced from a 

large nuclear transcript (17,480). and subsequent analysis 
of the structure of adenovirus mRNAs revealed the exis- 
tence of intronj (31,77). Today, the utility of adenovirus a« 
a vector for gene therapy is the subject of intense explo- 
ration. This chapter will overview the structure of the ade- 
novirus particle. Ac adenovirus replication cycle in human 
cells, its ability to oncogenically transform cells, and its 
interactions with host cells and host organisms. Details of 
adenovirus transformation are also considered in Chapter 
U, and a discussion of the pathogenesis, clinical syn- 
dromes, epiderniotogy, techniques for diagnosis, modes of 



treatment, and the utility of adenoviruses as vectors will 
follow in Chapter 68. 

CLASSIFICATION 

The adenoviruses constitute the Adenoviridae family of 
viruses, which is divided into two genera, Masiadenovirus 
and Adenovirus (34 1 ). Whereas the Aviadenavirus genus 
is limited to viruses of birds, the Masiadenovirus genus in- 
cludes human, simian, bovine, equine, porcine, ovine, ca- 
nine, and opossum viruses. Although there is antigenic 
cross-reactivity among members within each genera due 
to conserved epitopes located on the hexon protein of the 
virion (340), there is no known antigen common to all ade- 
noviruses. 

So far. 47 human adenovirus serotypes (Table i; nave 
been distinguished on the basis of their resistance to neu- 
tralization by antisera to other known adenovirus serotypes. 
Type-specific neutralization results predominant^ from 
amibody binding to epitopes-on the virion hexon-protein 
and the terminal knob portion of the fiber protein (340,453). 
The various serotypes are classified into six subgroups 
(Table I) based on their ability to agglutinate red blood 
cells (209,21 1 ,384). The central shaft of the viral fiber pro- 
tein is responsible for binding to erythrocytes, and the 
hemagglutination reaction of an adenovirus b inhibited by 

antisera specific for viruses of the same type but not by 
antisera to viruses of different types. A variety of adtfiuaaal 

clMsificnrion *rH«m« h*v* been e»ploT*d, including «ih- 

groupings based on oncogenicity in rodents (167), rehl- 
cdness of tumor antigens (305), electrophoretic mc&lity 
of virion proteins (474), and genome homolo^cs revcaled 
by base composition (361), cross-hybridization (145), or 
digestion with restriction endonucleases (475). The vari- 
ous schemes produce reasonably concordant groupings 
(Table 1), suggesting that the widely utilized classification 
based on hemagglutination is a reasonable standard. 



TABLE 1. Classification schemes for human adenoviruses (mastadenovirus H) 



Subgroup 



~ Harnaggtuun'auon 
groups 



Serotypes 



Oncogenic potential 



Tumors In 
animals 



TransfoniwUuri 
in tissue culture 



Percentage of 
G-C In DNA 



A 
B 



C 
D 

E 

F 



IV 



lit 



ill 



(tittle or no agglutination) 
(complete agglutination 

of monkey 

erythrocytes) 
(partial agglutination 

of rat erythrocytes) 
(complete agglutination 

o1 rat erythrocytes) 



12,16,31 
3,/,1i.14/»6. 
21.34.35 

1.2.5,6 

8,9.10,13. 

15.17,1 9,20,22-30, 

02,33,30-38,42-^7 

I 

40,41 



High 

Moderate 

Low or none 

Low or none 
(mammary 

tumors) 

Low or none 
Unknown 



48-49 
50-52 
57-59 



67-61 

57-59 



Modified trom Baum (26). 



AOENOVlRlDAi: THE VlKU^S AND 



Their RepuOtion / 





^.Adenoviruses ^^^^^^5 



VIRION STRUCTURE 

Adenoviruses are icosahedral particles <,20 triangular 
surfaces and 12 vertices) that are 70 to 100 nm in diame- 
ter (219) (Fig. l)Tbe partides (virions) contain DNA (ty» 
of mass), protein (87% of mass), no membrane or lipid, 
and trace amounts of carbohydrate since the virion fiber 
protein is modified by addition of glucosamine O^"- 
238) Virions consist of a protein shell surrounding a DNA- 
containing core. The protein shell (capsid) is composed of 
252 subunits (capsomeres). of which 240 are hexons and 
12 are pentons (134). As suggested by their name, penton 
and hexon subunits are surrounded by five and s« neigh- 
bore, respectively. Each penton contains a base, which forms 
part of the surface of the capsid, and a projecting fiber 
whose length varies among different serotypes (338,339). 



Virion Polypeptides and DNA 

Most of the structural studies of adenoviruses have fo- 
cused nn the closely related adenoviruses type 2 and 5 
(Ad2 and Ad5). ElectrophoretSc analyses of purified vin- 
ous disrupted with sodium dodecylsulfate was employed - 
initially lo identify structural polypeptides (238,296,465). 
Comparison of eleetrophoretic results with genomic open 
reading frames (ORFs) suggests there are probably 1 1 viri- 
on proteins. These proteins are numbered by convention 
(297), with no polypeptide I since the moiety originally 
designated 1 proved to be a mixture of aggregated small- 
er molecules. . . . , 

The outer shell of the virion or capsid is comprised Of 
seven known polypeptides. Polypeptide D (962 amino acids) 
is the most abundant virion constituent. The hexon protein 
is comprised of three tightly associated molecules Of 
polypeptide fl (221), and this trimeric protein is often re- 



ferrcd to as the hex<m capsomtn. 
amino acids), V1H (134 amino acids), and IX (139 ammo 
acids) are associated . vnth.the hexon.protein alter various 
isolation procedures (125). All three polypeptides likely 
stabilize the hexon capsomere lattice, and polypeptides VI 
and Vlll probably bridge between the enpsid "f . M " ^ 
ponents of the virion. Five copies of polypeptide III (571 
amino acids) associate to form the pentoa base protein 
d6S) which is found at each vertex of the icosahedral par- 
ticle. Polypeptide HIa (S66 amino acids) is associated with 
hexon units that surround the penton after pyridine disso- 
ciation of virions, and it probably links adjacent facets of 
the capsid and serves a bridging Junction between hexons 
art polypeptide VII «f ihe core (124,125). ^Widely 
(582 amino acids) forms the trimeric fiber protein (465) 
which projects from the penton base at ceeh vertex oft he 
icosahedron. The combination of penton base plus fiber is 
called die penton capsomere. All human adenoviruses ex- 
smined to date encode a single fiber protein with the ex- 
ception of Ad40 and Ad4l which encode two fiber pro- 
teins and incorporate both polypeptides into their vinous 
(254) Since the fiber interacts with a cellular receptor pro- 
rein these viruses might recognize two independent re- 
- eeptors. Hexon and penton capsomeres are the major com- 
ponents on Ihe surface of the virion, and their consutuents. 
Polypeptides U. "1. and IV. contain tyrosine ««duc» that 
are eTposed on the virion surface and can be labeled by ic- 
diuaiion of intact particles (1 24). 

The cor. of the virion contains four known proteins aral 
the viral genome. Polypeptides V (368 amino acids). VII 
(174 amino acids), and mu (19 amino acids) are basic, argi- 
nine-rich constituents of cores prepared by disropton of 
virions (223,391), and all three proteins contact the viral 
DNA (5.66). The function of the mu protein is unknown 
(223). Polypeptide VII is the major core protein, and it 
probably serves as a hlstonelike center around which the 



2114 / Chapter 67 

vir,l DNA is wrapped (66.3 12). Polypeptide V can bind to 
r^onWoK »nd it might bridge between the core 
Kooning one relative to .he other. The fourth 
!£ resent in the cote is Ihe so-called terminal protein 
SSEXr&a h Gently attached to the J» 
S S Si DNA. U was first identified indirect* by 
£ ability to mediate circularizat.on of the viral DNA 
tough a protease-sensitive, noncovalent mind .on (382). 
TtedRdRAhf agent was shown «o be a 55-kd ^te«. 
Llentty attached to each 5 end of ten id I WMgJ 
and the protein was subsequently visualized on viral DNA 
SVvidin-biotin labeling (45). The .Inlcage between DNA 
and ptotein is a phosphodiestcr bond formed between the 
B-hydroxyl group of a serine residue residue 562 of W- 

cytosine residue (100.420).The protein is not evident in 
electropboretic analyses of virion proteins since ,t a pre- 
. - nnlv two copies per virion. The terminal protein 

Jnd it mediates attachment of the viral genome to the nu- 
clear matrix 08.14 5 .398). 

Ad2 DNA was the first adenovirus genome to be com- 
pletely sequenced (381), and its sequence includes a toad 
of 35 937bp.The sequence of Ad5 DNA was completed 
more recemly (80). and portions of many other adenovirus 
^nTalsoU been sequenced. The Ad5 genome » 
about 95% identical to the Ad2 sequence, except _in Ac 
ffcer coding region, where a substantial portion of the uif- 

DNA has inverted terminal repeat sequences rangingin 
si2C from about 100 to 140 bp, oepending on the ^ro*p- 
/1 1 146 425.454,502). The inverted repeats enable Single 
stmnds of viral DNA to eireularize by base-pairing of their 
terminal sequences, and the resulting base-paired pan- 
handles are thought to be important for rephcauon of the 
viral DNA. 

Capsld and Core Three-Dimensional Structure 



X-ray crystallography, electron microscopy, and com- 
binations of the two methods have been used to genera* 
Vfifilj refined picture of the adenovirus capsid [reviewed 
in (430)1. The x-ray structure of the major capsid protein, 
fte hexon. has been determined 10 a resolution. of 2£ A 
(12.380). The bexon protein is a tnmer comprised of three 
hexon polypeptides which are extensively interwoven. As 
is me case for poxviruses (216) and rh.nov.ruses (386). 
a dem obilizes the association of the three subun* 
into a larger structure consisting of two domains: a man- 
Sax top facing the outside of the capsid and a hexagonal 
£e wUb a central cavity. Group-of-nine hexons (W 
JST wnKan be isolated from each trianffto face of 
treatment with 10% pyridine (362). provid- 
JSbt to bow interactions between hexons are stabi- 
Zci The structure of these ninemers was examined by 
subtSng^ array of nine projected x-ray^ietermined 



hexons from scanning transmission electron microscopic 
maoei (142) The resulting twn-dimensional difference 
mage revealed density from a minor protein component 
extending along the hexon-hexon interfaces. Biochemical 
analysis bad previously identified this component as 
peptide IX (465). a minor capsid constituent involved 
in stabilization of the capsid (85). . 

The three-dimensional structure of the complete aden- 
ovirus particle was determined to 35- A resolute , by image 
reconstruction from cryoelcctron micrographs (429). A 
density map of the virion was generated from multiple im- 
ages urihe particle in different orientations The rccon- 
section process relied on the known icosahedral sym- 
metry of the virion to align the individual image s. This 
work provided the fir« detailed visualiaation of the vertex 
pnyteikincludingtepentonbasear^itsassocra^pro. 
nulling fiber, it confirmed the earlier placement of protein 
IX: and it located minor capsid porywtidev « ^ edges 
of triangular facets, bridging hexons in adjacent teets. Tte 
three-dimensional structure of the virion has been refined 
by subtracting 240 copies of the crystallographicj hexon 
Som the electron microscopic image reconstruct* 
(430).The difference map revealed more precisely the po- 
imons of several capsid proteins (Fig. 2). A ess abundant 
stabilizing protein is located at each specialized pos.uim 
in the hexon assemblage. The penton complex fUls the Urge 
gaps at the vertices, polypeptide DC stabilizes ten-tea* 
SLcta within a facet, polypeptide III. joins hexons of 
adjacent facets, and polypeptide VI anchors the mi ;ot 
peripentonal hexons on the inside surface of the capsKl and 
connects the capsid to the core- . . . . nfl u. 

The fiber ptotein which projects from each vertex of m 
particle is comprised of three cop.es of P*^ 1 * * J 
(390 465) The aWterminal 40 residues of each subutut 
aTemSddin the penion base (101.482). A cemral «- 
tended shaft is comprised of repeating motifs ; about K 
Lno acids in length, and *^ *2X2£ 
fers among adenovirus serotypes (172). The caiooxy 
minal I SOTresidue segment of each subumt comprising 
S protein contributes to formation of a 
ion A mre<MJlm«^lo«ad model of <he fiber Aeft to b£ 
proposed (434). predicting thai :its constituent polype^ 
°halns form a left-handed, tripleifcbcal ^"J^JK 
of short G-awnds interepetsed with extended loops that JOh 
t Z overall helical path. This model fits reasonably well 
with the cryoclectron microscopic results (4JU). 
W, The adenovirus core is composes I of the >ear double- 
stranded DNA and four virus-coded proteins. Unlike cei 
lular chromatin which yields discrete mononucleosomai 
DNA fragments of about 146 bp upon d.gest,on< w*h£ 
crococcal nuclease, the adenovuus core yields 
neous population of DNA fragments ranging [ from l aWU 
50 to 3Wbp in length (47,90,312,444.468 A69) and J** 
fragments are associated with polypepnde VU (312,468)- 
Aldiough the reason for the variability ,n DNA length* 
not understood, it nevertheless seems clear thai adenovirus 
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tishcd thai recombination occurs among adenoviruses of 
the some subgroup. Homologous recombination occurs 
with high efficiency during growth in coinfected cultured 
cells 1156 438 496), and comparison of field strains with 
disparate 'neutralization (hexon) and hemagglutination 
(fiber) serology (210.21 1) indicates that such exchanges 
also occur in nature. Further, recombination between virus- 
es of different subgroups appears to have given nse to Ad4, 
the sole member of subgroup E adenoviruses. Ad4 exhibits 
sequence similarity in its El A (0 to 5 map units) and E2 
regions (62 to 66 map units) to group B adenoviruses 
(258.45 1). and its hexon gene (31 to 61 
munologicalry related to group B viruses (342). However 
the Ad4 fiber gene sequence (173) and immunological 
Characteristics (340) are most similar to group C ^iroacs. 
Thus the simplest model for the origination of Ad4 posus 
a single recombinatorial crossover event somewhere be- 
tween the 12 coding region of o group B virus and the Fiber 
coding region of a group C vims (173). 

Efficient adenovirus recombination requires that viral 
DNA replication occur (514.5 16). but the virus does not 
appear to encode any gene products that function specifi- 
cally to facilitate recombination (121). Rather, it appears 
that single strands of DNA produced during the vual repli- 
cation process, which can pair with each other or invade du- 
ple* DNAs, are die driving force behind recombination (137). 

Although adenoviruses have never unambiguously been 
shown to integrate into the chromosomes of permissive 
host cells, integration does occur during the process of 
transformation. No specific motifs have been idennfied in 
the cellular UNA sequences at adenovirus uuegiiu.on sites, 
although patchy homologies between viral sequences and 
cellular target sites suggest that partial homologies prob- 
ably influence the integration Sites. Cellular protein* that 
mediate such recombination events have been partially pu- 
rified (445). 

REPLICATIVE CYCLE 

Studies of the adenovirus replicative cycle have focused 
primarily on the closely related Ad2 and AdS viruses. 
" These serotypes have been favored because they arc eas- 
ily grown in the laboratory, and an extensive collection of 
Ad2 and Ad5 mutant viruses have been developed. When 
other serotypes have been studied, their growth strategies 
have proven similar to the paradigm established for the 
prototypes. Most studies of adenovirus growth have been 
Perfoirned by infection of HeLa or KB cells at fairly high 
multiplicities of infection (>10 plaque-forming units per 
cell). High multiplicities of infection have been used so 
that all cells in the culture are synchronously infected, al- 
lowing the ordered series of biochemical events during 
the infectious cycle to be observed in a umew.se : tohlon. 
HeU and KB cells have been favored as hosts since they 
are easily propagated in large quantities, and the viruses 



grow in them rapidly and to high yield. These tumor cells 
support more rapid viral growth than "normal" human 
diploid fibroblasts where the replication cycle is substan- 

tially prolonged. . . 

The replication cycle is divided by convention into two 
phases which are separated by the onset of viral DNA rcpli- 
cation (Fig. 5). Early events are those which commence as 
soon as the infecting virus interacts with the host cell. These 
include adsorption, penetration, transcrtption. and transla- 
rion of an early set of genes. Early viral gene products me- 
diate viral gene expression and DNA replication, induce 
cell cycle piogiession. block apoptosn. end oniogomic a 
variety of host antiviral measures. In HeLa cells infected 
at a multiplicity of 10 plaque-forming units per cell, the 
corly phase lasts for about 5 to 6 hour*, after which viral 
DNA replicaiion is first detected. Concomitant with the 
onset of viral DNA replication, the late phase of the cycle 
begin, with expression of a new set of "late'; viral genes 
and assembly of progeny virions. The infectious cycle u 
completed after 20 to 24 hours in HeLa cells. At the end 
of the cycle, approximately 10* progeny virus particles per 
cell have been producedl.along with the synthesis of a sub- 
stantial excess of virion proteins and DNA that are not as- 
sembled into virions (168). Cells infected at high multi- 
plicity seldom divide (220), so at the completion of the 
replication cycle, the DNA and protein content of the in- 
fected cell has increased about twofold. 

While earty and hue are convenient terms for descrip- 
tion or events that occur during the replication cycle, die 
functional distinction between early and late events is often 
blurred. For example, early genes continue to be expressed 
at late times after infection, and the promoter controlling 
expression of the major late transcription unit directs a 
low level of transcription early after infection. The vital 
genes encoding proteins IVa2 arid DC begin to be expressed 
at an intermediate time (35*) and thus form a delayed 
early" category. 

Adsorption and Entry 

Attachment of Ad2 to cells is mediated by the fiber p»- 
teir*(290).The distaL taAoxy-temunal domain 
protein terminates in a knob that is presumed to bind to JW 
cellular receptor (101). Soluble fiber protein and some 
fiber-specific antibodies can block virus attachinent ano 
infection (98,355,358.500). The identity of 
ceptor remains a mystery, although three celluto *** 
brane polypeptides have been captured on • P"*»™J 
affu^rSand shown to inhibit Ad2 
(206). Since the amino acid sequence or the toot re* 
varies considerably among serotypes, t a posstb 1. 1 « 
feren. adenovirus serotypes bind to different cdluto «J 
cepior proteins. Alignment occurs efficiently «« 
subsequent steps in Ihe infectious process require energy 
and are inhibited at low temperatures (63}. 
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adsorbed virus moving to endosomcs wiihin 10 minutes. 
About 90% of the virus within endosomcs successfully 
moves to the cytosol with a half time of about 5 minutes. 
The movement to the cytosol is somehow triggered by the 
acidic pH of ihe endosome (35 1.405 ,437), and ihe penton 
base is believed to play an essential role in the process. The 
rapidity of the movement to the cytosol suggests that the 
virus escapes from the endosomal unit known as the early 
endosome prior to formation of a lysosnme (310). The en- 
dosome appears to be substantially disrupted since DNA- 
protein completes that enter the endosome together with 
virus particles— but not physically attached to virionc - 
also escape to the cytosol with high efT ciency (5 1 2). Virus 
particles are transported across the cytoplasm to the nu- 
cleus by a process that probably involves microtubules 
(94 293). In vitro studies have shown that virions can at- 
tach to microtubules through the hexon, and some drugs 
that interact with microtubules can inhibit adenovirus in- 
fection (94). About 40 minutes after penetration, virus par- 
ticles can be seen at nuclear pore complexes by electron 
microscopy, suggesting that DNA* release occurs at the nu- 
clear membrane. After 120 minutes, about 4C% of inter- 
nalized particles have released their DNA free from hexon 
proteins, although it is not known what portion of this re- 
leased DNA is localized to the nucleus. 

During the internalization process, there is a sequential 
disassembly of Ihe virion (166). The disassembly occurs by 

aelectiv* dissociation and proteolytic degradation of vtnon 

constituents. First, the proteins at the vertices of the parti- 
cle are lost. Polypeptide IV, which trimcrizes to form the 
fiber, polypeptide Ilia, located near the peripentonal hex- 
ons linking adjacent facets of the capsid; and polypeptide 
III, which forms the pentameric penton base, are substan- 
tially lost by 15 minutes after penetration of AecelLFblypep- 
tides IV and Ilia dissociate somewhat more rapidly than 111, 
and this could reflect a need to free the penton base for a 
role in escape from the endosome. Polypeptide VTJI disso- 
ciates from the particle as the penton capsomeres are lost, 
and shortly after entry of the particle to the cytosol, polypep- 
tide VI is degraded. The internal location of porypepnde M 

suggc** th*l it might be degraded by the vW^oded, DNA- 

dependent protease (299,4 50,4 83). Both polypeptides VI _ 
and Vlii bridge from the DNA core to "the capsid, and their 
loss should prepare the particle for release of its DNA. Some- 
what later polypeptide DC, which stabilizes hexon facets, 
exits from the infecting particle; finally, the DNA-contain- 
fcg core is fixed from hexons. Thus, the virion, which is very 
stable outside the cell, is dismantled by an ordered elimina- 
tion of structural proteins upon entry to the cell so that it can 
deliver its DNA to the nucleus. 

The nature of the events that signal disassembly are most- 
ly unknown. Acidification induces exit of the infecting par- 
ticle from the endosome to the cytosol, but disassembly of 
the vertex constituents can occur in die absence of acidi- 
fication (166). It seems likely that the signal for the initial 
dissociation of the fiber from the penton is a determining 



event thai initiates a cascade in which each sequential dis- 
assembly event is driven by changes in the structure of the 
virion that result from previous events. 

The components and structure of the DNA -protein com- 
plex that reach the nucleus have not been described, al- 
though it is known that protein V is removed from the core 
before it enters the nucleus ( 1 66). The viral DNA has been 
reported to convert into a structure that can be digested 
with a low concentration of DNasc I 10 generate DNA 
fragments that form a ladder pattern similar to that of cel- 
lular chromatin upon electrophoresis (444), suggesting that 
cellular histone prolans might replace polypeptide VII, the 
major core constituent, before the infecting DNA U tran- 
scribed. However, using sensitive assays, others have been 
unable to detect nucleosomal particles comprised of viral 
DNA and cellular histones (468). It is possible mat the viral 
genome is expressed as a chromosomal structure contain- 
ing viral basic proteins rather than cellular histones. 

When the viral DNA reaches the nucleus, it associates 
with the nuclear matrix through its terminal protein 
(38 141,398)- DNAs from mutant Ad5 variants with lesions 
m their terminal protein genes fail to become tightly asso- 
ciated with the nuclear matrix, and they also fail to be effi- 
ciently transcribed (398). This correlation between nuclear 
matrix association and activation of transcription suggests 
the two events are functionally interrelated Apparently, the 
terminal protein, which arrives with the infecting genome, 
U the fust viral gen* prnduct thai functions within the nu- 
cleus to initiate the program of viral gene expression. 



Activation of Early Viral Genes 

There are three main goals of early adenovirus gene ex- 
pression. The Hist is to induce the host cell to enter the S 
phase of the cell cycle, providing an optimal oivironrnent 
for viral replication. As will be discussed later (see In- 
teractions with the Host- section), butii ElAaudElD gene 
products play roles in this process. The second is to set up 
viral systems thai protect the irJccted cell from VST"* an- 
tiviral dofcnae* of *«hoft organism. Tho E3 andVA HNA 
genes contribute to these defenses, and these will akobe 
discusscdlater (sec "Virus-Host toteractions" section). V* 
third is to synthesize viral gene products needed for viral 
DNA replication. All three of these goals depend on Uie 
transcriptional activation of the viral genome, and^ptm- 
cipal activating proteins of adenovirus are encoded by trie 
El A gene [reviewed in (332,412)]. , 
El A is the first viral transcription unit to be c *P*~t 
after the viral chromosome reaches the nucleus. Tran- 
scription of the E1A unit is controlled by a consntutivery 
active promoter that includes a duplicated enhancer ele- 
ment (198,200). The E1A unit encc<J« two rrJU^s ^ 
i„g the early phase of infection (T*.» 
El A mRNA species accumulate later ^^^j 
(428,458), but no definitive function has oeen oesw 
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domain of El A (1 18.148.346). El A can repress me action 
of AP I ihiough its consensus binding Sites in the collage- 
nast and stromerysin gents ( 346). and enhance the ability 
nf AP I to activate through (he ATF sites (to which API can 
bind) of adenovirus early genes (1 17.184). The API tran- 
scription factor is a dimeric molecule which is generally 
comprised of fos and jun family members, although jun 
family members can also neterodimerize with membersof 
toe ATF family (30). tl A repression appears to result from 
. block to DNA binding by c-fbs/c-jun heterodimers { 1 77), 
and activation by El A through AP 1 occurs, at least m part. 
Z an iudi.ect mechanism. EIA proteins cooperate with 
evelic AMP to induce the level of API, which activates 
Ascription of viral genes (323). The ElA-mediated in- 
duction of AM activity result* from Iranacnpt^inl acti- 
vation of the c-ros and junB genes through theirTATA mo- 
rife (260), and the e-jim gene has been shown to be induced 
through an ATF-like element in its promote'/ *hteh prob- 
X responds to a c.jun/ATF-2 heterodimet(461). So, EIA 
CM activate transcription indirectly through AP I binding 
sites by inducing API activity, and EIA can activate through 
m Wndingsles either directly by binding to ATF-2 or 
indirectly by inducing API actmty. 

Expression of the adenovirus VA RNA genes is also in- 
duced by the EIA proteins (214.215.513). These genes 
are transcribed by RNA polymerase III. and tl appears that 
the activity of transcription factor II1C is altered by the 

F.I A proteins. . , , . 

Besides the EIA proteins, two additional early gent prod- 
ucts have been shown to activate adenovirus promoters. 
The E4-17 kd polypeptide binds to E2F, with two mole- 
cules of the E4 protein apparently bridging between a pair 
of E2F proteins and causing them to bind cooperatively to 
the pair of E2F binding sites within the E2 promoter 
(183.23U28.372). The E2 DNA-biinBiiB P'«<«'» «*- 
tivate a variety of early adenovirus promoters as well as 
the major late promoter (60,3 18). but as yet the mechanism 
by which it stimulate* transcription is unclear. 

Individual adenovirus early promoters are activated by 
multiple mechanisms. For example, the E2 promoter can 
be activated by EIA through its TATA motif, ATF site, or 
E2F sites. In addition, the E4-17 kd protein contributes to 
activation at the E2F sites, and the E2 promoter can also be 
induced by the E2 DNA-binding protein. Perhaps the actt- 
vation pathways function with difierent etTieiencies with- 
in various cell types, and these apparently redundant acti- 
vation mechanisms have evolved to insure ma. early viral 
promoters will be efficiently activated m a variety of NM- 
ferent cell types as the virus spreads within its infected host 
Generally, adenovirus early genes remain active through- 
nut tb« viril plication cycle, though the rare at which 
they are transcribed slowly declines. In part, the decline 
results from cell death. However, Ihete are three known 
down-regulatory events, and in each case .« 
viral protein, which accumulates in response to an activa- 
tion event, subsequently acts to inhibit continued Iran- 



scriptional stimulation mediated by one or more early pro- 
moter elements. Fist, the F.l A proteins can repress the ac- 

tivity of a variety of known «*«^ i*^*"? 
hJerresidingu^treamoftheEIAgene.tself(40.470^ 

This down-regulatory function corte ates with the ability 
of the EIA protein to bind to a cellular protein. p300 
(383 426 478); the consequences of tins protein-? totem in- 
Stion will be considered ^^<£*?S£ 
of the Host Cell" section). Second, whereas the F.2 DNA- 
binding protein activates some promoters, it appears to in- 
hibit transcription from the E4 promote, (18U 35) by an 
unknown mechanism. Third, the induct.on of API activi- 
w by E» A and cyclic AMP is transient (323). It « antago- 
nized by the £4-14 kd polypeptide which accumulates in 
response to the El A-mediated activation of *e Ed ^geue 
(322) Mutant viruses unable to produce the E4-14 kd pro- 
tein arc viable, but mote cytopathic than the 
suggesting that it is important to counterbalance theE 1 A- 
mediated induction of API to preserve integrity ©1 9* :hos» 
ceU for the replicating vims. The E4-I4 kd protein binds 
to protein phosphatase 2A. and phosphatase activity is es- 
sential for ihcdown-rcgubtoiye^ 

Once early mRNAs have been synthesized, they are 
translated on polysomes together with cellular mRNAs. 
Initially, they do not appear to enjoy any compeutrve ad- 
vantage, but as the infection enters the late phase, cellular 
mRNAs are excluded from polysomes (see "Activation of 
UteGene Expression" and "Host Cell ShutofT sections). 

Activation of the Host CeU 

Adenovirus infection has long been known to induce 
quiescent cells to enter the S phase of the cell cycl e, cre- 
ating an environrocw optimally conducive to viral repli- 
cation [reviewed in (454)]. Modulation of the cell cycle is 
primarily a function of the ElAproteins, and the modula- 
tion is mediated by their CRl. CR2. and ^conserved 
ammo-terminal domains. The key to understandinghow 
El A proteins manipulate cell cycle regulation came from 
the observation that a set of cellular pro} ems can tecum- 
munoprecipitated with the EIA proteins (157,186024,506). 
The main coprecipitating celmlai polypeptides have mol- 
2uIarweigh«ofabout33. 60.80. 90. 105. .107. J30,30fc 
and400k0(Hg.T>; and several of (to* V^^to"* 
been shown to interact directly with EIA . protems (TaMe 
2) The 105-kd moiety was the first to be identified (492). 
It is the retinoblastoma tumor suppressor protein pRB 
which, as discussed above, regulates me ability of the E2F 
cellular transcription factor to activate transcription. Tne 
human papillomavirus E7 protein and me largeT antigens 
of papovaviruse, also bind to pRB (97a, 111), und.rscor. 
ing its importance as a target of oncoproteins encodedby 
DNA rumor viruses. Although E2F sites arepresem. nte 
adenovirus El A and E2 promoters and ««rt^ ^ 
activation, neither the papovaviruses nor papillomavirus- 
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mosi commonly mutated gene in human tumors, find the loss 
of p53 function or its alteration by mutation can contribute 
to tumor progression (reviewed in (276,473.519)]. Consis- 
tent with its rote in tumorigenesis. high-level expression of 
p53 blocks cell cycle progression at the G/S boundary [re- 
viewed in (354)]. p53 is a sequence-specific DNA-binding 
protein that can activate transcription when it binds to p53 
response elements, and it can repress a variety of genes that 
lack a binding site for p33 (reviewed In 519). 

It appears that p53 normally functions as a component 
of a G, checkpoint that is induced by DNA damage 
(1 04, 1 90,284). Recent work indicates that DNA damage 
can transiently induce p53 levels; p53, in rum, can block 
cell cycle progression and contribute to the activation of 
genes known to be induced by DNA damage. Specifical- 
ly, p53 can induce expression of the WAF1 (also termed 
p21) gene (115) whose product is able to arrest cell cycle 
progression (187), and it can induce the GADD 45 gene 
which is activated by DNA damage (251). High levels of 
p53 can also result in apoptosis (81,292,410,5 11). and this 
will be considered below (see "Inhibition of Apoptosis" 
section). Thus, the current view of p53 is that it transcript 
tionally activates genes that prevent entry into S phase. It 
is not yet clear whether transcriptional repression by p53 
also contributes to this pwvm 

The Ad5 ElB-55 kd protein binds to p53 within infected 
cells (394), and it can block transcriptional activation by 
p53. Analysis of mutant ElB-55 kd proteins has revealed 
a strict correlation between the ability of E IB to block 
p53-mediated transcriptional activation and its ability to 
cooperate with ElA in the oncogenic transformation of 
cells (507). As will be discussed below (sec ''Oncogene- 
sis" section), the El A and E IB proteins of adenovirus are 
oncoproteins, and they cooperate to transform cultured 
cells. Oncogenic transformation is a manifestation of the 
ability of these proteins to interfere with the normal func- 
tion of tumor suppressor proteins. Thus, the correlation 
between a block to transcriptional activation and trans- 
forming activity of the viral protein suggests that the ElB- 
55 kd protein antagonizes the ability of p53 to influence 
cell cyele pregrewion by blocking ita activation fuuwtiun. 
JThe E1Bt55 kd protein binds to the N^crminal, acidic 
transcriptional activation domain of p53 (248), and this 
suggests that the viral protein might simply mask the ac- 
tivation domain. Stcric hindrance might contribute to the 
ability of ElB-55 kd to block activation by p53, but it is 
not the entire mechanism. The ElB-55 kd protein can in- 
hibit transcription if it is artificially anchored to a pro* 
meter, indicating that it can actively repress transcription 
(508). Apparently, the interaction of ElB-55 kd with p53 
serves to bring the viral protein to the promoter, where it 
not only blocks the activation function of p53 but it also 
actively represses transcription. So, like the El A proteins, 
the E1B-35 kd protein binds tea rumor suppressor pro- 
tein, antagonizes its oormal activity, and helps to deregu- 
late cell cycle progression. 



In contrast to the El A proteins, expression of the ElB- 
55 kd protein alone is not sufficient to stimulate quiescent 
cells to enter the S phase of the cell cycle. This is consis- 
tent with the observation that deletion of both p53 alleles 
does not directly lead to the loss of regulated cell division 
( 1 07). Nevertheless, p53 is targeted by a variety of tumor 
virus oncoproteins: S V40 large T antigen binds to p53, 
blocks its DNA-binding activity, and interferes with its 
ability to activate transcripton (25,13 1); and human papil* 
loma virus type 1 6 E6 protein complexes with p53 and co- 
operates with a cellular protein to promote its degradation 
(399). Presumably, then, the EIB-53 kd protein collabo- 
rates with the ElA proteins to more effectively activate 
quiescent cells. Further, since the ElA proteins somehow 
stabilize p53, increasing its steody state level (291), the 
E1B proteins must contribute to the activation of quiescent 
cells by preventing the implementation of a cell cycle block 
by elevated levels of p53. In a similar vein, as will be dis- 
cussed below (see "Inhibition of Apoptosis" section), the 
E I B-55 kd protein helps to prevent cells from undergoing 
apoptosis in response to ElA activities. 

It is noteworthy that the Adl2 homologue of the Ad5 
ElB-55 kd protein, the Adl2 E1B-54 kd protein, can in- 
hibit p53-mediated transcriptional activation and cooper- 
ate with El A to transform cells (507), even though it shows 
no indication of p53 binding (165,521). Also, the Ad5 ElB 
protein can sequester a substantial portion of the cell's p53 
in a discrete cytoplasmic structure outside of die nucleus 
(520), while the Ad 12 proiein cannot (521); this has been 
taken as further evidence that the Adl2 protein docs not 
bind to p53. The Adl2 ElB protein might bind weakly to 
p53, and the resulting complex might not be sufficiently 
stable to be detected by the assays that have been employed. 
p53 is stabilized in Adl2 transformed cells, and the stabi- 
lization is dependent on expression of the E IB- 54 kd pro- 
tein (462). Stabilization is often observed for mutant p53 f 
but the p53 present in the Adl2 transformed cells is wild 
type. Further, while the Ad5 ElB protein inhibited trans- 
formation by myc plus nw, the Adi2 ElB protein, like mu- 
tant p53 t enhanced the number of foci produced by myc 
plus ms. If, Indeed, there is no direct interaction between 
the Adl2 ElB protein and p53, these observations suggest 
that the Adl 2 protein somehow causes wild-type p53 to be 
modified, perhaps by association with another cellular pro- 
tein, so that it behaves in some respects like mutant p53. 



Inhibition of Apoptosis 

As discussed above, expression of the El A proteins in 
quiescent cells can efficiently induce cellular DNA syn- 
thesis and transient cell proliferation. However, ElA ex- 
pression is not sufficient to induce long-terra growth of 
primary cells. 1 nis is because in addition to inducing pro- 
liferation, ElA proteins trigger apoptosis. Apoptosis, which 
is also termed programmed cell death, is associated wth 
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wC lMer.ned morphological changes of the nucleus and 
D NA fragmentation; fhe.se characteristics distinguish it 
from necrosis, which is cell death characterized by exten- 
sive cytoplasmic destruction that is induced by an mhos- 
citable environment or injury [reviewed in (488,495)). 

ElA-induced apoptosis involves the induction ofp53 
(97 -59!) High-level expression of p53 can block cell cycle 
ort^ression [reviewed in (354)] or it can induce apoptosis 
(81 292,4 10,5 II), El A proteins stabilize pJ3, causing It 
to accumulate widun the nucleus (291), and both Ad5 EIB 
proteins can Wock apoptosis induced by the E 1 A proteins 
(370) The Ad5 ElB-55 kd protein probably blocks apop- 
tosis as a result of its ability to bind to p53 and alter its 
function. Either the E 1 B- 1 9 kd protein or the cellular Bcl- 
7 paraprotein can block El A-mduced apoptow more 
efficiently than the larger ElB protein (370). So far. iht 
mechanism by which p53 induces apoptosis, as well as the 
mechanisrnby which the smaller EIB protein blocks apop- 
5, remain a mystery. The EIB-I9kd and Bcl-2 proteins 
each can block p53-rnediated transcriptional repression 
Ml I). So the correlation between the ability of these pro- 
teins to block apopiusw and w alleviate p53-mcdiatco re- 
pression raises the possibility that p53 might mediate apop- 
tosis, at least in part, by repressing transenpnon. 

Adenovirus mutant* thai fail to produce a tunchonal 
EIB-I9 kd protein induce extensive degradation of host 
cell and viral DNA, enhanced cytopathic effect, and re- 
duced viral yield when grown in cultured cells 
(359,439,491). Presumably, the inhibitory effects of pre- 
mature cell death on viral propagation would be even more 
severe in natural infections where the viral growth cycle is 
slower than in cultured HeLa cells. Thus, apoptosis is an 
example of a cellular response to infection that has the po- 
tential to inhibit viral growth and block its spread within 
the infected organism. However, adenoviruses have evolved 
to encode a gene product that effectively blocks the cellu- 
lar defense. 

Adenovirus is nnt the only virus to cany a gene that can 
block the onset of apoptosis. The Epstein-Ban virus LMP- 
1 protein induces expression of the cellular Bcl-2 protein 
which blocks apoptosis (205). African swine fever virus 
(327), herpes simplex virus (75), and baculovvrus (83) 
have also been reported to encode proteins likely to in-^ 
hibit apoptosis. 

Viral DNA Replication 

As E2 gene products accumulate and the infected cell 
enters the S phase of the ceil cycle, the stage is set for vtnd 
DNA replication [reviewed in (53.193,431)1. Ad2 or Ad5 
DNA replication begins about 5 hr after infecnon ot HeLa 
cells at a multiplicity of 10 plaque-forming units per cell, 
and it continues until the host cell dies (Fig. 5). 

The inverted terminal repeats of the viral chromosome 
serve as replication origins. In vw studies support a model 



in which adenovirus DNA replication takes place in two 
stages (271) (Fig. 8). First, synthesis is initiated at either 
terminus of the linear DNA and proceeds in a continuous 
fashion to the other end of the genome. Only one of the 
two DNA strands serves as a template for the synthesis, so 
the products of the replication are a duplex consisting Of a 
daughter and parental strand plus a displaced single srrand 
of DNA. In the second stage of the replication a 
complement tu the displaced single strand is synthesized 
The single-stranded template circularizes through anneal- 
ing of its self-complementary termini, and the resulting 
duplex "panhandle" has the same structure as the terrruru 
of the duplex viral genome. This structure allows it to be 
recognized by the same initiation machinery that operates 
in the first stage of ceplicaXion. and complementary strand 
synthesis generates a second completed duplex c*™**"* 
of one parental and one daughter strand. Adenovirus DNA 
was the first eukaryotic template to be replicated in vitro 
(56), and increasingly defined celt-free systems have al- 
lowed the analysis of replication in considerable detail. 

Os-acting sequences comprising the replication origins 
*rc located witbin tKc inverted terminal repeats of the viral 
chromosome. Three functional domains have been denned 
within the terminal 5 Ibp of the repeats. Domain A consists 
of tha find Hit hp of the viral DNA. and it comprises 8 njjj^ 
imal origin of repUcation. This domain is required for repli- 
cation but it supports only limited replicattonon its own 
(59,269 442,460). A cellular protein, termed CWM, DtnOS 
to the first 12 bp of the genome within the minimal origin 
(385), but this protein does not appear essentia! fa repli- 
cation. The sequence between base pairs 9 to 18 (5- 
ATAATATACC-3') is conserved among different human 
adenovirus serotypes, and a complex of two viral protein 
binds here (72.320,446): the preterminal protein and the 
DNA polymerase. Tne E2-coded terminal protein is syn- 
thesized as an 80-kd polypeptide (preterminal protein 
(pTP)l that is active in initiation of DNA replication 
(54 432) and as discussed above, is found covalentlyat. 
tached to the 5' ends of the viral chromosome. It 15 subse- 
quently processed by proteolysis during assembly of viri- 
ons to generate a 55-kd fragment [terminal protein <J?)\ 
that is covaientty attached to the genome (5 /)♦ but it ap- 
pears that the entire protein with its single cleaved pepMc 
* bond remains associated with the genomic terrmm (398). 
The E2-codcd polymerase is a 140-kd protein w«A bio- 
chemical properties distinct from other known DNA poly- 
merases (120,133). It contains both 5' to 3' r*lyrner*sc ac- 
tivity and 3' to 5' exonuclease activity that probably serves 
a proo&eading function during porymerizauon (133). Preter- 
minal protein and the polymerase form a hctcrodimenc- 
cornplex in solution (120,279,433,446) so they would be 
expected to bind to theortgin as a unit 

Domain B consists of base pairs 19 to 39, and domain 
C includes base pairs 40 to 51. These two elements arc not 
absolutely required for adenovirus PNA 
they substantially enhance the efficiency of the inittattOD 
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al ion Of an ester bond between the fl-OH of a serine 
*<idue in the preterminal protein and the °;P^oryl 
MUD or<JCMP, the first residue at the i' end of the DNA 
8 ™:„ (54^80). The preterminal protein-dCMP interaction 
C " oU i«s the presence of polymerase and it is template-de- 
nrndenl (58,280,441 ), suggesting that it occurs after the 
preterminal protein-polymerese complex is properly post- 
Eed on the template.The 3:-OH group of the preterm.- 
Z | orotein-dCMF complex then scivcs to prime synthesis 
of the nascent strand by the DNA polymerase 

Chain elongation requires two virus E2-coded proteins. 
,1* nolvmerase and .ingle-stranded DNA-binding protein, 
fndtSular protein, nuclear factor 11 (NFU).The virus- 
ZicA DNA-binding protein is a 59-kd phosphoprotem that 
Zn«es in SDS-polyacrylamide gels wuh an apparent 
Secular weight of 72 kd (it is often referred to as me 72- 
Wpiotcin). II binds tightly and ^P-^^" 
independent fashion to single-stranded DNA (463). The 
Se 5*e DNA-binding protein in DNA rcpl.cat.on was 
first revealed by analysis of an adenovirus te-nperature- 
senstrivt variant carrying a rnutanon within the E2 gene. 
Us ability to replicate DNA is cxquisitely-temperarure^e- 
pendentW). In the presence of the DNA-b,nd,ng pro- 
Kin. which coats single-stmnded repliceuon ^.nttnnediates, 
*c polymerase is highly proccssivc (133,285). and uua is 
wotably the basis for its requirement in chain elongation. 
The highly processive nature of the polymerase likely en- 
ables iuo travel me entire length of the chmmnsnme after 
an initiation event at the terminus. NTH copurifies with a 
cellular DNA topoisomerase activity (326), and mammalian 
topoisomerase I will substitute for it in an in vitro replica- 
tion reaction. NFC does not significantly enhance the syn- 
thesis of nascent chains up to 9,000 nucleotides in length, 
so it must be needed to overcome a DNA structural prob- 
lem that arises only after extensive replication. 

In sum, a set of polypeptides have been identified that 
mediate the initiation of adenovirus DNA replication 
(preterminal protein, polymerase, NF1, and UNIT) and 
chain elongation (polymerase, DNA-binding protein, and 
NFIQ. These potypeptides, together with a template con- 
taining on adenovirus replication origin, ore sufficient to 
reconstitute the complete,viral DNA replicafcon reaction 
in vitro. The adenovirus E4 gene also encodes one or more 
products required for efficient DNA replication 
(43,178,486), but their role in the process is probably in- 
direct and remains obscure. 

Activation of Late Gene Expression and Host Cell 
ShutotT 

As for most DNA viruses, adenovirus late genes begin 
to be expressed efficiently at the onset of viral DNA repli- 
cation (Pig. 5). AS described earlier, Hie 8denov.ru* tale 
coding regions are organized into a single large transcrip- 
tion unit whose primary transcript is about 29,000 nu- 



cleotides in length (1 23.333). This transcript is processed 
by differential poly(A) site utilization and sphemg ^gen- 
erate at least 1 8 distinct mRNAs (Fig. 3). These mRNAs 
have been grouped into five families, termed LI to L.5, 
based on the utilization of common poly(A) addition sites 
(78 333 V26). Expression of this large family of late 
mRNAs 'is controlled by the major late promoter. This pro- 
moter exhibits a low level of activity early after infection, 
and it becomes several hundredfold more active on a per 
DNA molecule basis at late times (409). There appear to 
be at least two distinct components that contribute to acti- 
vation of the major late promoter: a cir-acting change in 
the viral chromosome and induction of at least one new 
virus-coded maw-acting factor. 

The time-dependent cis-aciing modification of the ade- 
novirus chromosome was revealed by the sequential m- 
feciion of cells with two closely related adenovirus strains 
whose late products could be distinguished (448). Ex- 
pression from the second virus to infect was initially re- 
stricted to early polypeptides, even though the first virus 
to reach the nucleus was actively expressing its late prod- 
ucts The second viral chromosome did not express late 
gene products until it had completed the early phase and 
had begun DNA replication. Thus, gene products from die 
first virvo did not net in tram to initiate late expression 
from the second virus. 

There are several possible explanations for this obser- 
vation. It might be necessary to alter the , constituent > of 
the viral chromatin during the process of DNA replication 
to activate the major late promoter. Unrepealed viral chro- 
matin appears to be associated with a different set ^of pro- 
SrtlSreplicnted chromatin (66,99). Viral DNA might 
remain associated with virus-coded core proteins until cel- 
lular histones bind during replication. Such an exchange 
could be required to activate the major late promoter. How- 
ever, this proposal seems somewhat unlikely. Adenovirus 
DNA does not appear to be associated with histones (468), 
and pe^uvavuvscs exhibit e DNA .eplictfion^oup ted earty- 
to-late switch even though they package their DNA mcel- 
lular histones. Perhaps the replication process allows tran- 
scription factors to gain access to the promoter. Histones 
or histonelike proteins are displaced and then reassemble 
on DNA during replication, and this could provide an op- 
portunity for transcription factors to compete for binding 
to the DNA. Alternatively, a newly arming viral core might 
simply require a period of rime to decondense and become 
available to the transcription machinery. Chromosomal do- 
mains could become accessible to the transcriptional ma- 
chinery in a defined order, and the promoter responsible 
for most late gene expression might become accessible 
only after a delay. The major late promoter is active alu 
low level early after infection, but this might reflect early 
activation by a relatively minor subset of the total infect- 
ing population of virel cHromoaomeo. It is aleo posaibl. 
that die viral chromosome might establish a compartmen. 
talized environment in the nucleus, and it might take ape- 
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At late times, when viral mRNAs constitute about 20 A of 
The tool cytopla.mic pool (440), they are stated to the 
Llu5.cn of host mRNAs (14,509). Host mRNAs are not 
degraded; if they are extracted from the infected cell, they 
«n be translated with normal efficiency in a cell-free cx- 
~,ct (447) The translational block is not dependent on the 
inhibition of host cell mRNA accumulation in the cyto- 
Usm. In contrast to most host mRNAs, g-mbulin mRNA 
continues to accumulate in the cytoplasm, but rt is not trans- 
lated (3 16)- Also, 2-aminopurine can prevent the inhibi- 
tion of translation without relieving the block to accumu- 
lB,fon of host mRNAs (229). There are several regulatory 
components that cooperate to facilitate selective transla- 
tion of viral mRNAs late after infection. 

The fir* regulatory component involves the cellular pro- 
tein kinase R (PKR), which is activated by double-strand- 
ed KNA that accumulates within adcnovirua-infected _celis 
O01 344) After activation, it can phosphorylate elF-2cu 
inactivating the initiation factor and blocking translation. 
Translation of host cell mRNAs is not inhibited after in- 
fection of cells deficient in PKR activity (229,343), sug- 
■wing that the kinase, and presumably inacnvauonof elF- 
fa ait key components of the block to bos. cell translanon. 
This proposal requires that viral and host translation reside 
in different functional compartments so that neither arc ut- 
hibited by activated K*™ ™"*'*™™^'*™ 
RNAs. which will be discussed m detail below {"Viral An- 
tagonists of a and B Imerferun" section), inhibit aenvahen 
of the cellular PKR kinase. These small RNAs have been 
Shown to copurify with viral mRNAs (303) and, as a re- 
sult they might protect viral but not cellular protein syn- 
thesis, providing a functional compartinentalizanon. 

InactivatSon of eIF-4F also contributes to selective trans- 
lation in aderiovirus-infected cells (230). This initianon fac- 
tor binds to the cap of mRNAs and facilitates scanning of 
the 40S ribosome from the cap to the AUG through its in- 
trinsic helicase activity. eIF-4F is nonnally act, vated by 
phosphorylation, and it becomes substantially inactivated 
by dephosphorylation late after adenovuus uifecnon when 
cellular mRNAs are not translated. The five famihes _of 
mRNAs encoded by the adenovirus major late transcription 
unit ail contain the same 200-nueleotide-long 5' rionedding 
legion, which has been vmxdrbt tripartite leader sequence 
(31). This 5' conceding regiuu is important for translaoon 
of mRNAs late but not early after infection (34.289), and 
it substantially lacks secondary structure (106). Thus, it has 
been postulated (230) that tripartite leader-comaming ade- 
novirus mRNAs can continue to be translated late after in- 
fection because the 40S ribosome can scan from cap to AUO 
without me need for a helicase as eIF-4F activity becomes 
limiting. In contrast, most cellular mRNAs are no longer 
translattd in the absence ofeOMF because they require the 
helicase to permit scanning through the more extensive sec- 
ondary structure at their 5' ends. 

Finally, there is a selective activation of late viral pro- 
tein synthesis by the 100-kd protein encoded by the L4 



family of late mRNAs (196). A mutant virus expressing 
defective 1.4- 1 00 kd protein fails to efficiently translate its 
|a,e mRNAs, but it is nevertheless able to block host ceH 
translation. The L4-100 kd protein can bind to mRNA (3). 
suggesting it may function at the polysome lo facilitate 
viral translation. 

Virus Assembly and Release from the Cell 

The replication of viral DNA coupled with the produc- 
tion of large quantities of the adenovirus structural polypep- 
tides sets the stage for virus assembly. Trimeric hexon cap- 
someres are rapidly assembled from monomers after their 
synthesis in the cytoplasm (222). Assembly of the hexon 
requires the participation of a second late vital proton (the 
L4-100 kd protein), the same protein that stimulates late 
viral translation. Biochemical experiments indicate that a 
multimeric complex of the L4-100 kd protein binds to 
hexon monomers (53). and genetic analyses have demon- 
strated that mutations in the U- 100 kd protein can block 
assembly of the hexon capsomere (28U47). Apparency 
the L4<oded-protein acts as a scaffold to.ftcili late assembly 
of trimers, but the mechanism underlying the process is 
unknown. Penton capsomeres consisting of a pentamenc 
penton base and trimeric fiber assemble somewhat more 
slowly in the cytoplasm (222). Pulse-chase experiments 
indicate that the penton base and fiber assemhle indepen- 
dently, and they join to form a complete penton capsomere 
(222 47 1 ) After their production, hexon and penton cap- 
someres accumulate in the nucleus where assembly of the 
virion occurs. . _ 

Mutations within a variety of viral genes can interfere 
with the assembly process. As would be expected, alter- 
ations in structural polypeptides that comprise the hexon 
or penton base can prevent accumulation of mature viri- 
ons as well as subassemblies such as empty capsids 
f 92 1 1 3J92). Alterations in the polypeptide forming the 
fiber, polypeptide Ula, the E2-code4 UNA polymerase, or 
the LI -coded 52-/55-kd protein can prevent assembly 01 
virions and lead to the accumulation of incomplete cap- 
std-Uke particles (67.92.93.113.192.392). Fmally. a mu- 
- tant-virus with a defective U^oded protease accumulates 
noninfectious virionlike particles with a series of un- 

Pr ° S "di« of St viruses combined with analysis of d* 
kinetics with which polypeptides are incorporated into cap- 
sids and mature virions have provided a rough i outline : of 
the adenovirus assembly process [reviewed in (357)]. As- 
sembly appears to begin with the formation of an empty 
capsid (357.436) and, subsequently a viral DNA molecule 
enters the capsid. The DNA-capsid recogniUon event * 
mediated by the packaging sequence. » ?™. ^ 

' ement that is centered about 260 bp ftom the left end of 
the viral chromosome (163.180.197.449). Presumably one 
or more proteins bind at the packaging ^^J 1 ^ 
diate the interaction between DNA and capsid. but they re- 
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